This review highlights relevant issues about applications and improvements of atomic force microscopy (AFM) toward a better understanding of neurodegenerative changes at the molecular level with the hope of contributing to the development of effective therapeutic strategies for neurodegenerative illnesses. The basic principles of AFM are briefly discussed in terms of evaluation of experimental data, including the newest PeakForce Quantitative Nanomechanical Mapping (QNM) and the evaluation of Young's modulus as the crucial elasticity parameter. AFM topography, revealed in imaging mode, can be used to monitor changes in live neurons over time, representing a valuable tool for high-resolution detection and monitoring of neuronal morphology. The mechanical properties of living cells can be quantified by force spectroscopy as well as by new AFM. A variety of applications are described, and their relevance for specific research areas discussed. In addition, imaging as well as non-imaging modes can provide specific information, not only about the structural and mechanical properties of neuronal membranes, but also on the cytoplasm, cell nucleus, and particularly cytoskeletal components. Moreover, new AFM is able to provide detailed insight into physical structure and biochemical interactions in both physiological and pathophysiological conditions.
introduction
The human brain is organized as a complex network of neuronal circuits and brain areas that process information based on specific patterns of spatial and temporal neuronal activity [1, 2] . Functional abilities of the brain such as perception and integration of sensory information from diverse modalities, control of body movement and higher processes including cognition, attention, language comprehension, decision making, long-term planning, and problem solving are determined by the functional and structural properties of interconnected neurons.
Neurons, the electrically excitable cells of the brain, are specialized for fast processing and transmission of multiple types of information to and from the brain, and have specialized structures for intercellular communication [3] [4] [5] . Neurodegenerative diseases, like Alzheimer's disease and Parkinson's disease, are characterized by compromised function of the central nervous system due to progressive neuronal damage and loss.
Damaged neurons are unable to communicate efficiently, which ultimately results in diverse clinical phenotypes characteristic for each particular neurodegenerative disease [6] .
Despite major research efforts, there is still no effective disease-modifying therapy for neurodegenerative diseases.
Neuronal loss in vulnerable, diseasespecific brain areas is a relatively late event in the progression of neurodegenerative disorders. It is usually preceded by subtle structural and associated functional changes, including synaptic loss, neurite retraction, and disturbance of axonal transport due to microtubule rearrangement and instability [7] [8] [9] [10] . The latter occurs in conjunction with the appearance of slight changes at the molecular level, such as peroxidation of membrane lipids, DNA oxidation and protein aggregation; the last one being the most prominent and researched pathological hallmark of the neurodegenerative diseases [11] [12] [13] [14] .
For the most commonly used and wellestablished research techniques in neuronal studies, it is challenging to determine the key structural changes at the molecular level that fundamentally contribute to the onset and progression of neurodegenerative diseases or regeneration after neuronal injury [15] [16] [17] .
The structural and nanomechanical properties of neurons are affected by cytoskeletal components (microtubules, neurofilaments, and actin filaments), the cytoplasm, the cell nucleus, and by the neuron-extracellular matrix interactions that are important for neuronsubstrate adhesion processes, axonal growth and neuronal migration [18] . Therefore, there is a growing interest in the application and improvement of novel and advanced techniques in the research of neurodegenerative changes, and neuronal injury and repair, at the molecular level and at the nanoscale, in the context of the development of novel therapeutic strategies.
The atomic force microscope is at the forefront of such studies. In general, atomic force microscopy (AFM) covers a large research area, including plant and animal cells, bacteria and viruses, as well as proteins and other molecules (Fig. 1 ). This paper aims to cover recent progress in the study of neuronal cells and their subcellular structures using modern AFM techniques. We review the potential of the AFM techniques with the simultaneous evaluation of the local nanomechanical properties and the neuronal cell topography at a high spatial resolution and force sensitivity, as well as in understanding the development of the nervous system [19] . It should be pointed out that the field of AFM application in neuronal investigation is developing, and the present review is neither comprehensive nor final, as it covers only a selection of recent investigations.
Basic principles of Afm
The atomic force microscope was invented in 1986 by Binnig, Quate and Gerber. Similar to other scanning probe microscopes, the atomic force microscope raster-scans a sharp probe over the surface of a sample and measures the changes in atomic forces between the probe tip and the sample. Figure 2 illustrates the working concept of the atomic force microscope. The interaction between the sample surface and the probe tip corresponds to the forces between the atoms of the sample and the tip that scans the sample's surface. In the contact area of the tip apex, repulsion occurs due to the overlapping electronic shells of the tip and sampled atoms [20, 21] . With an AFM tip, it is possible to probe very small interaction areas (the radius of the tip is in the range of 5-50 nm), which ensures high sensitivity to small forces. To make these forces accessible, the tip is placed on a very soft spring, the AFM cantilever. Depending on the separation distance between the probe and sample, long-or short-range forces will dominate the interaction. These forces are measured by the bending or twisting of the cantilever by a laser beam, which is focused on the back of a cantilever, and then reflected into a photodiode detector. Any forces acting on the AFM tip cause deflection of the cantilever. Small forces between the tip and sample will cause less deflection than large forces, and forces in the pN range can be measured. These correspond to the order of magnitude of forces that are required to separate ligand from receptor. Finally, deflection of the cantilever after interaction with the sample surface is translated into a threedimensional (3D) image of the surface.
AFM measures surface forces such as mechanical contact force, van der Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces, and suchlike [22] [23] [24] [25] . AFM probes are composed of flexible, triangular or rectangular cantilevers with a sharp tip near the end of the cantilever (Fig.   3 ). They can be manufactured from a variety of materials, but most AFM probes are made from silicon and/or silicon nitride (Si 3 N 4 ) wafers. An AFM probe's sensitivity, or spring constant (k), is the force required to bend the cantilever per unit distance (usually expressed in N/m). It is an important parameter in AFM probe behaviour and performance for imaging applications, and an essential factor when attempting to quantify intra-or intermolecular interactions within the cell membranes that exhibit very different mechanical properties (Fig. 4) . Spherical AFM tips are common for tissue or bulk soma measurements. Smaller cone or pyramidal AFM tips are typically used for measurements on particular points across the cell or for mapping the elastic modulus over entire regions [18] . However, for the examination of neuron elasticity and accurate determinations of Young's modulus values, a very hard probe should be used in such measurements.
The elastic modulus of material (or Young's modulus) is defined as the ratio between the uniaxial forces applied to the sample and the uniaxial deformation that it undergoes, i.e. it describes how sample responds to force.
By raster-scanning the tip across the surface and recording the change in force as a function of position, a map of surface topography and other properties can be generated.
The AFM is useful for obtaining 3D topographic information of samples with lateral resolution (in the x/y plane) down to 0.3 nm and vertical resolution (in the z-axis) down to 0.1 nm [26] . These samples include clusters of atoms and molecules [27] , individual macromolecules [28] , and biological species (cells, DNA, proteins) [29, 30] . Sample preparation for AFM imaging is minimal. AFM can operate in gas, ambient, and fluid environments; it can measure physical properties including elasticity, adhesion, hardness, molecular bond strength, surface friction and chemical functionality [18, [31] [32] [33] . can provide a precise measurement on the nanometer scale of the shape of growth cones and its constituents, lamellipodia and filopodia. Furthermore, it is demonstrated that AFM is a highly sensitive technique for detecting nanoscopic changes in the plasma membrane that result from oxidative damage, which is important hallmark of neurodegenerative diseases [49, 50] . In particular, AFM was used to characterize physical changes of average membrane roughness resulting from acute exposure to hyperoxia on human glioma cells [51] . Hyperoxic treatment caused a significant, 
